We present a search for W Z production with subsequent decay to ¯ ν ( and = e or µ) using center-of-mass energy √ s = 1.96 TeV pp collision data. The data was collected by the DØ experiment during 2002-2004 at the Fermilab Tevatron. Three events with W Z decay characteristics are observed. With an estimated background of 0.71 ± 0.08 events and integrated luminosities ranging from 285 -320 pb −1 for different trilepton final states, we measure the W Z production cross section to be 4.5 +3.8 −2.6 pb, and set a 95% C.L. upper limit of 13.3 pb for this quantity. The 95% C.L. limits for anomalous couplings corresponding to a form factor scale Λ = 1 TeV are found to be −0.53 < λZ < 0.56, −0.57 < ∆g Z 1 < 0.76 and −2.0 < ∆κZ < 2.4. For Λ = 1.5 TeV, the corresponding limits are −0.48 < λ Z < 0.48 and −0.49 < ∆g Z 1 < 0.66.
The SU (2) L × U (1) Y structure of the standard model (SM) implies that the electroweak gauge bosons W and Z can interact with one another through trilinear and quartic gauge-boson vertices. For SM pp interactions, the W Z production cross section σ W Z depends, in particular, on the W W Z gauge coupling shown in Fig. 1 . More generally, W W Z interactions can be described by an effective Lagrangian with arbitrary parameters g Z 1 , λ Z and κ Z [1] . In the SM, g Z 1 = κ Z = 1 and λ Z = 0. Non-SM values of these couplings may increase σ W Z significantly. Therefore a measurement of this quantity provides a sensitive test of the strength of the W W Z interaction. This test probes for low energy remnants of new physics operating at a higher scale that complements searches to be carried out with accelerators that produce collisons at higher energy.
A test for anomalous trilinear boson couplings using σ W Z is unique in that W Z diagrams contain only W W Z, and not W W γ, vertices. Anomalous trilinear gauge boson coupling limits produced using characteristics of W + W − production [2] [3] [4] are sensitive to both and must make an assumption about the relating the W W γ couplings to the W W Z couplings. See, for instance, the HISZ [5] relations. Furthermore, as this analysis is performed using event candidates (W ± Z) that are unavailable in e + e − colliders [3] , it provides a unique measurement of W W Z anomalous coupling limits. In Run I of Fermilab's Tevatron, DØ established that σ W Z < 47 pb at 95% C.L. From this, DØ set the 95% C.L. limits |g Z 1 − 1| < 1.63 and |λ Z | < 1.42 for a form factor scale Λ = 1 TeV [2] . With a higher center-of-mass energy of √ s =1.96 TeV producing a 20% higher cross section (σ W Z =3.7±0.1 pb [6] ), more luminosity, and an improved detectors, the Run II Tevatron program opens a new window for studies of W Z diboson production. The CDF Collaboration recently published a 15.2 pb upper limit at 95% C.L. on the combined cross section for W Z and ZZ at (s) = 1.96 TeV [7] .
The cleanest W Z signals consist of final states with three charged leptons (trileptons) and a neutrino that emerge from coinciding leptonic decays of the Z and the W . Requiring three isolated high transverse momentum (p T ) leptons and large missing transverse energy (E / T ) associated with the neutrino, strongly suppresses all known SM backgrounds. However, product branching ratios are only 1.5% for trilepton final states (eeµ , µµe, eee and µµµ).
The DØ detector comprises several sub-detectors, and a trigger and data acquisition system [8] . The centraltracking system consists of a silicon micro-strip tracker (SMT) and a central fiber tracker (CFT) located within a 2 T superconducting solenoid magnet [9] . The SMT has ≈ 800, 000 individual strips with excellent coverage up to pseudo-rapidity |η| < 3. The CFT contains eight thin coaxial barrels, each supporting two doublets of overlapping scintillating fibers of 0.835 mm diameter. One doublet is oriented parallel to the collision axis, and the other tilted with respect to the axis by ±3
• stereo angles that alternate with layer. CFT signals travel via clear light fibers to solid-state photon counters (VLPC) that have ≈ 80% quantum efficiency.
Central and forward preshower detectors located just outside of the superconducting coil and in front of the calorimetry are constructed of several layers of extruded triangular scintillator strips that are read out using wavelength-shifting fibers and VLPCs. Beyond the preshower detectors are three uranium/liquid-argon calorimeters, each housed in a separate cryostat [8] : a central section (CC) covering |η| ≤ 1.1 and two end calorimeters (EC) extending coverage to |η| ≤ 4.2. In addition to the preshower detectors, scintillators between the CC and EC cryostats provide sampling of developing showers for 1.1 < |η| < 1.4. Luminosity is measured using plastic scintillator arrays located in front of the EC cryostats and covering 2.7 < |η| < 4.4.
A muon system [9] resides beyond the calorimetry, and consists of a layer of tracking detectors and scintillation trigger counters before 1.8 T toroidal magnets, followed by two more similar layers after the toroids. Muon tracking for |η| < 1 relies on 10 cm wide drift tubes [8] , while 1 cm mini-drift tubes are used for 1 < |η| < 2.
Trigger and data acquisition systems are designed to accommodate high luminosities of the upgraded Fermilab Tevatron in Run II. Based on preliminary information from tracking, calorimetry, and muon systems, the output of the first level of the trigger is used to limit the rate for accepted events to ≈ 1.5 kHz. With more refined information at the second level, the rate is reduced further to ≈ 800 Hz. These first two levels of triggering rely mainly on hardware and firmware. The third and final level of the trigger, with access to all the event information, uses software algorithms and a computing farm and reduces the output rate to ≈ 50 Hz, which is written to tape. This analysis uses reconstructed dilepton (ee, µµ, eµ) and dijet events collected at DØ from 2002-2004 for both signal and background studies. Integrated luminosities for the eee, eeµ, µµe and µµµ final states are 320 pb −1 , 292 pb −1 , 285 pb −1 , and 289 pb −1 , respectively, with a common uncertainty of 6.5% [10] . With three high-p T charged leptons in the candidates, the overall trigger efficiency for W Z signal is 99.9%.
Electrons are identified by their distinctive pattern of energy deposition in the calorimeter and by the presence of a track in the central tracker that extrapolates from the interaction vertex to a cluster of hits in the calorimeter. Electrons measured in the CC (EC) must have |η| < 1.1 (1.5 < |η| < 2.5). The transverse energy of an electron must satisfy E T > 15.0 GeV. An acceptable electron must have an electromagnetic-energy (EM) fraction, f EM > 0.9, where f EM is a ratio of energy found in the EM cells of the calorimeter to the total energy of a shower. The isolation I = E T OT (0.4)/E EM (0.2) − 1, must satisfy I < 0.15, where E T OT (EM) (∆R) is the total (electromagnetic) energy contained in a cone of angular width ∆R = (∆φ) 2 + (∆η) 2 , with φ the azimuthal angle, and ∆η = ∆φ = 0 corresponding to the shower direction in the calorimeter. Further shape information is obtained from a covariance matrix based on 7(8) variables for CC (EC) clusters that is used to construct a χ 2 that represents the consistency of a cluster with an electron shower. The χ 2 selection retains ≈ 95% of all true electrons. Finally, a good electron shower must have a matched track in the central tracking system with the ratio of calorimeter energy to spectrometer momentum E/p within expectations.
Muons are reconstructed using information from the muon, scintillation, central tracking, and calorimeter detectors. A muon reconstructed in the toroid system must have a matching central track with p T > 15 GeV/c. Muon isolation requires transverse energies of calorimeter cells in an annular ring 0.1 < ∆R < 0.4 around each muon direction to satisfy cells,i E i T < 2.5 GeV. In addition, the sum of the transverse momenta of all tracks, excluding the muon, in a cone of ∆R = 0.5 around the muon track must be < 3.5 GeV/c.
The W Z diboson event selection requires three reconstructed leptons, all of which must originate from a common interaction vertex, that pass electron or muon identification criteria outlined above. To avoid confusion between tracks, the separation between any pair of leptons must be ∆R > 0.2. Figure 2 compares the dilepton invariant mass and E / T distributions expected for W Z events to those from Z + jets, where the Z boson and the W boson have decayed in the muon channel. To select Z bosons and further suppress backgrounds, the invariant mass of a like-flavor lepton pair must fall within 71 GeV/c 2 to 111 GeV/c 2 for e + e − events, and 51 GeV/c 2 to 131 GeV/c 2 for µ + µ − events, with the mass windows set by resolution. For the eee and µµµ channels, the lepton pair with invariant mass closest to the Z mass is chosen as the Z candidate. The E / T is required to be greater than 20 GeV, consistent with a W boson decay. The transverse mass is calculated from the p T of the un-paired third lepton and the E / T . Finally, to reject background from tt events, the vector sum of the transverse energies in all calorimeter cells, excluding the leptons, must be less than 50 GeV. The event selection requirements described above were chosen with the goal of preserving the expected signal while at the same time, reducing the background and its associated uncertainty. signal and background events, respectively. N s is calculated using the SM predicted W Z cross section; and N s and N b depend on selection Applying all selection requirements leaves one eee and two µµµ candidates. Table I summarizes the event information.
TABLE I: Properties of the three W Z candidates. Units for p i (i = x, y, z), E, m , and m T are GeV, where m is the invariant mass of the two leptons closest to the Z mass, E / T is the missing transverse energy, φ (E / T ) is the azimuthal angle of the E / T vector, and mT is the transverse mass computed from the unpaired charged lepton and the E / T vectors in the x, y plane [11] . Acceptances include geometric and kinematic effects and are obtained using Monte Carlo samples produced with the PYTHIA event generator [12] and simulated via the GEANT-based [13] DØ detector-simulation program. Acceptances are calculated by counting the number of events that pass all selection criteria, except the lepton identification and the track-matching requirements. The results are 0.283 ± 0.009, 0.279 ± 0.008, 0.287 ± 0.009 and 0.294 ± 0.008 for eee, eeµ, µµe and µµµ final states, respectively.
Lepton-identification and track-matching efficiencies are estimated using DØ data samples of Z → e + e − and Z → µ + µ − events. The Z → + − invariant mass distribution is fitted with a signal function consisting of a BreitWigner convoluted with a Gaussian, and an exponential to describe the background. The area under the signal function returned by the fit defines the number of Z boson events. One of the leptons from the Z decay is required to pass all lepton selection requirements. Identification and track-matching efficiencies are then determined by comparing the number of fitted Z boson events obtained by applying selection criteria to the second lepton with the number obtained with no selection criteria applied. Average identification efficiencies are 0.929 ± 0.013 and 0.965 ± 0.008 for CC and EC electrons, respectively, and 0.940 ± 0.002 for muons. Track-matching efficiencies are 0.817 ± 0.002 for CC electrons, 0.674 ± 0.006 for EC electrons, and 0.950 ± 0.002 for muons. Both identification efficiencies and track-matching efficiencies are further determined as functions of p T and η, and these dependencies are applied to each lepton in W Z MC events used for selection efficiency calculations. The overall W Z acceptance times detection efficiencies are (10.3±1.5)%, (11.7±0.8)%, (13.9±1.3)% and (16.3±1.8)% for eee, eeµ, µµe and µµµ, respectively.
From the SM prediction for σ W Z and the leptonic branching fractions of the W and Z bosons [14] , we expect 0.44±0.07, 0.45±0.04, 0.53±0.06, 0.62±0.08 events for the eee, eeµ, µµe, and µµµ final states, respectively. Quoted uncertainties include statistical and systematic contributions, as well as the common 6.5% luminosity uncertainty.
No known SM processes other than W Z production produces events with three isolated leptons with large transverse momentum in the final state. The main background to this channel comes from Z + X (X=jets, γ and Z) events. In Z + jets events, the jets may mimic leptons in the detector. This background is estimated from DØ data as follows. Events are selected using the same criteria as for the W Z sample, except that the requirement for the third lepton is dropped. The resulting sample includes ee + jets, µµ + jets and eµ + jets. Probabilities for jets to mimic electrons or muons are then determined using DØ dijet data. The jets are reconstructed and ordered in E T so that, e.g., the E T of jet j1 (E j1 T ) is larger than that of jet j2 (E j2 T ). The second jet then provides an unbiased sample of jets suitable for lepton misidentification studies. The fraction of second jets that satisfy the criteria |φ j1 − φ j2 − π| < 0.3 and E j2 T > E j1 T /3 and pass the lepton selection criteria provides the probability for a jet to be misidentified as a lepton. These misidentification probabilities are calculated as a function of jet E T and of jet η. Applying the misidentification probabilities to jets in the dilepton + jets data yields the total background from multijets, estimated to be 0.35 ± 0.02 events. A second kind of background is Z + γ events, where a γ converted to electrons or randomly matches a charged track in the detector causing it to be misidentified as an electron. Such backgrounds contributes to both µµe and eee final states. We estimated the Z + γ background using events with two EM objects. We found that the probability for a photon to mimic an electron is about 2%. We applied that probability to the observed Z + γ data sample that corresponds to this data. After further applying the E / T cut, we estimated the Z + γ background to be 0.145 ± 0.020. Backgrounds from ZZ and tt production are found by Monte Carlo method to be 0.20 ± 0.07 and 0.01 ± 0.01 events, respectively. Other sources of background are found to be negligible. The total background is estimated to be 0.71 ± 0.08 events.
The 2.04±0.13 expected W Z events combined with the 0.71 ± 0.08 estimated background events are consistent with the three candidate events found in the data. Table II summarizes results for the four trilepton channels. The probability for a background of 0.71 events to fluctuate to three or more candidates is 3.5%. Following the method described in Refs. [14] and [15] , we use a maximum likelihood technique to obtain σ W Z = 4.5 Simulated W Z →trilepton events [16] are then generated at each grid point, processed with the DØ parametrized detector simulation program, and analyzed using the same selection criteria applied to the data as described above to determine the predicted signal at each grid point. These predictions are used with the background estimated above and the three observed trilepton candidates in the data to construct a likelihood function L. Analyses of contours of L about its maximum value then permit limits to be set on λ Z , ∆g Z 1 and ∆κ Z , both individually and in pairs. Unitarity requires the anomolous couplings to be multiplied by a form factor containing a scale Λ [17] . Table III lists one-dimensional 95% C.L. limits on λ Z , ∆g Z 1 and ∆κ Z with Λ =1 TeV or Λ =1.5 TeV; and Fig. 3 shows two-dimensional 95% C.L. contour limits for Λ = 1 TeV. The value of the form factor was chosen such that the coupling limit was less than the unitarity limit [17] . We are not able to set the ∆κ limit for Λ = 1.5 TeV since the experimental limit exceeds the unitarity limit. In summary, we searched for W Z production in pp collisions at √ s = 1.96 TeV. In a sample of 285 to 320 pb −1 , three candidate events were found with an expected background of 0.71 ± 0.08 events. The 95% C.L. upper limit for the W Z cross section is 13.3 pb. Interpreted as a W Z signal, we find σ W Z = 4.5 +3.8 −2.6 pb and provide the first measurement of the W Z production cross section in hadron colliders. We used the result to obtain the tightest available limits on anomalous W W Z couplings derived from a W Z final state. Furthermore, they are the most restrictive model-independent W W Z anomalous coupling limits available and represent an improvement by a factor of three over the previous best results. 
